The fabrication of a shallow n + p junction by diffusing arsenic atoms from the As + -implanted TiSi 2 into the underlying silicon has been developed. The amendment of the radiation damage and the activation of impurities can be fulfilled in one annealing process in conjunction with the dopant drive-in. The junction depth below the TiSi 2 /Si interface is about 0.11 ,um, and is insensitive to the values of implanted ion energy and the annealing condition as long as the dopants remain in the TiSi 2 film. The dopant concentration near the surface in the n + region can be added up to 2X W 19 /cm 3 for an implanted dose of 5 X 1OIs/cm2.
I. INTRODUCTION
Recently, a silicide doping technique has been developed for the fabrication of shallow WSiz/n +p junctions [1] [2] [3] by directly applying the chemical vapor deposition (CVD) of sili.cides. Unfortunately, it is not applicable to the selfaligned silicide (salicide) process. Until now, only a few works concerning the connection between the salicide process and silicide doping technology have been reported. 4 ,5 The combination of these two processes can surmount many obstacles in sal:icide processing of metal-oxide-semiconductor (MOS) devices with shallow junction. First, since each angstrom of metal will consume 2-4 A of the 5i layer during silicide formation, the source and drain contacts and the polysilicon gate are made simultaneously. The shallow junction will be destroyed during the thick silicide formation 6 of the gate. Second, when the silicide film is in contact with the As-doped silicon, significant amounts of arsenic will diffuse outward from silicon during high-temperature annealing, 7 resulting in high contact resistance. To doped silicide, the dopants are first ion implanted into the silicide and then they drive-in the underlying silicon by annealing. Post-silicide formation implies a flexible profile margin in very large-scale integration (VLSI) devices. Since most of the heat treatment is carried out before the drive-in process, it can minimize spoiling of the dopant profile. Furthermore, because the diffusivity of As in most silicide is much higher than in silicon, it is possible to form the required junction depth with low ion-energy implantation.
Because TiSi 2 has the lowest resistivity among all the meta! silicides, the salidde process by TiSi 2 has attracted much attention in the fabrication of high-performance MOS devices. s Recently, many authors 9 ,10 have reported that arsen,ic atoms only redistribute in the TiSi 2 layer and do not diffuse into the underlying polysilicon, which is contrary to the results declared by Van Ommen, Van Houtum, and Theunissen. 11 In this work, we have fulfilled the salicide process for the TiSi 2 on (100) silicon substrate. The dopant redistribution, segregation, and electlical behavior as functions of implanted ion energies, and annealing temperatures and times are presented. 
II. PROCESS DESCRIPTION
The fabrication procedures ofTiSi 2 /n + p diodes are depicted in Fig. 1 H2 S04 and H2 O 2 (30%) in a 2:1 volume ratio at 80°C. The selective wet etch ants only etch Ti metal and do not attack TiSi z or Si0 2 • After chemical etching, the silicide is annealed by R T A at 1000 °C for 10 s to form the stable C54-TiSi z which has the lowest resistivity of all silicides. Arsenic ions with energies ranging from 80 to 160 keY were implanted into the TiSi 2 window at adoseof5 X lOIS em 2 followed by RTAorvacuurn isothermal annealing (VIA) at temperatures between 800 and l100·C for durations of 5 s-30 min.
RADIATION DAMAGE IN TiSi 2
The radiation damages in TiSi z are inspected by the TEM technique, as shewn in Fig. 2 . After implantation at a dose of 5 X 10 15 cm -2, many clusters are observed through the cross-sectional view ofTEM. The damages are limited to no more than 700 A from the surface for the samples with implanted ion energies below 100 ke V. The Auger spectra of TiSi 2 films before and after ion implantation are depicted in Figs. 3 (a )-3 (c). For the unimplanted sample, the oxygen trace rapidly diminishes with depth, and reaches the background level, whereas the Si/Ti ratio almost keeps a constant value under a rather long depth. If the ion energy increases to 130 keY, the disturbed regions may extend to the underlying silicon. Significant amounts of oxygen atoms are incorporated into the heavily implanted film and the same Ti atoms are knocked into the underlying silicon. However, the chaotic state and the incorporated oxygen can easily be removed by annealing at 900 ·C for 20 s. The knocked-in Ti atoms can be released by the fast diffusion of Ti in silicon during TiSi 2 regrowth. The Auger profile of Fig The effect of ion implantation on the electrical resistivity of TiSi 2 films is also examined. Figure 4 shows the temperature dependence on the resistivity ofTiSi 2 with various heat treatments. The smooth appearance of p-T curves indicates that the resistivity follows Matthiesen's rule as a normal metal which shows (1) wherepr is the residual resistivity due to collision of carriers with mechanical imperfections and impurities in the lattice, andpl (T) is the resistivity caused by thermal phonons with the implication of phonon-mode structure. It can be seen that aU the curves are almost parallel to each other which implies that the implantation only i.ntroduces lattice damages and interstitial impurities which results in a drastically increasing residual resistivity.
However, if we compare the slopes of these curves in detail, a slight reduction of the slope with the increase of Pr can be observed. This is a famous phenomenon in the disorder metal system referred to as the Mooij correlation. 13 As the defect density becomes greater than 111 3 , where I is the mean free path, the electrical resistivity cannot be properly described by the Holtzman transport equation. The carriers are localized and the conductivity is written as (2) where (Tn (0) is the Boltzman conductivity, Ie is the elastic mean free path, Li is the inelastic diffusion length as defined by L j = (Vel;) 1/2, with l; the inelastic mean free path. The first term in the above equation is the quantum corrected conductivity due to localization, and the second term represents the competition between the degradation of inelastic scattering due to quantum interference and thermal excitation. The conductivity increases as the temperature increases owing to the overwhelming of the phonon-induced inelastic scattering.
The electrical resistivity of the film increases with an additive amount of 60 p!l cm after 100 keY of implanted As t at a dose of 5 X 10 15 em -2 is annealed out at 900°C for 20 s. To reduce the extent of radiation damage and to avoid the knocking of atoms into the junction, the dopants can be tailored to reside in the silicide, which is then annealed at high temperatures to redistribute and diffuse into the silicon.
IV. DOPANT DRIVE&IN AND DEVICE PERFORMANCES
We use Eiersack and Ziegler model l4 to calculate the prqjected range R p , projected straggle llR p , and lateral straggle llR L for arsenic implantation in TiSi 2 • The calculated data as shown in ... 
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where f:..E As = 82.9 keY is the As channel width, (E)r~"i, = 3.168 X 10 13 eV cm z is the As-stopping cross-section factor in TiSi 2 matrix, and N TiSi , is the molecular concentration ofTiSi 2 • The observation of the redistribution and segregation of arsenic in the TiSizlSi structure after annealing is also examined by RBS and shown in Fig. 6(c) than that in the silicon. Consequently, the diffusion of arsenic in silicon is limited by the available source at the TiSi 2 /Si interface. The arsenic diffusion profiles in the underlying silicon are performed by the spreading resistance (SPR) method. As shown in Fig. 7 , the inadequately annealed samples will lead to a lack of surface concentration. The measured junc- , \ , , , , , , , , , TiSi,/n t pdiodcfabricatcd by implanting 80-keY As t atadoseof5X lOts em -2 into TiSi, films followed by 900 "C, 20-5 RTA. (X j ) , maximum carrier concentration (n m ,,), reversecunent (J Il ), and ideal factor of the TiSi 2 (125 A)/n+pdiode!it an arsenicimplanted dose of 5 X 10 15 cm-2 for various ion energies and annealing conditions. !-lm with the surface concentration up to 2 X 10 19 em -3 for a dose of 5 X 10 15 em -2. The quantitative estimation of the As spectra, as shown in Fig. 6(c) , invokes a fact that part of the implanted doses are lost by evaporation after annealing at 800 'c for 30 min. RT A can be immunized from dopant loss due to evaporation, however, there is no significant difference in surface concentration between R T A and VIA. This is not surprising, because numerous arsenic atoms can dif~ fuse into silicon for long-time annealing, whereas the loss of arsenic atoms by thermal evaporation at elevated temperatures will decrease the available diffusion source.
TiSi 2 Schottky diodes fabricated on p-type silicon have a typical tum-on voltage of about 250 m V, which is about 400 m V smaller than that of a n + p junction diode, implying a higher reverse current in the Schottky diode. It is easy to specify whether the TiSi 2 ! n + p structure has been formed by silicide doping technology or not. Typical results on the 1-V characteristics of the sample by an arsenic implantation with a dose of 5 X 1015 em 2 at 80 keY are found following annealing at 900 "C, 20 s. RTA are shown in Fig. 8 . The sharp contrast with the undoped TiSi 2 !p Schottky diode means that a TiSi 2 !n +p structure can be easily wen formed without tedious heat treatment. Table I summarizes the electrical measurements of the TiSi 2 ! n +-p diode produced by different implanted energies and various annealing conditions. For high-energy implanted samples, the radiation damage and interstitial Ti atom introduced in the junction will lead to trap levels resulting in an excess ofleakage current (see samples Nos. 7 and 11). Prolonging the annealing time can remarkably reduce the leakage current (see samples Nos. 8-10 and sample 12). For samples without adequate heat treatment, the junction depth is very shallow and the surface concentration is too low to fulfill the requirement ofVLSI technology (see sample No.1),
v. CONCLUSiON
In this work, we find the diffusion coefficient of arsenic in TiSi 2 is much larger than that in silicon which can be exploited to obtain a very shallow n + p junction. The junction depth below the TiSi 2 /Si interface is insensitive to the implanted ion energy, the annealing condition, and possibly the TiSi 2 thickness. These advantages provide a potential for process modeling in VLSI fabrication. In the silicide doping technology, the necessary n + layer is obtained from the segregation or redistribution of arsenic atoms during heat treatment. With RTA above 900 "C, the interface segregation is more pronounced and leads to a high surface concentration, However, the segregation of doped As + disappears while the dopants redistribute over the TiSi 2 film after annealing at 800 'C for 30 min. The problems involved, induding the amendment of radiation damages in TiSi 2 and Si, and the removal of unnecessary impurities in TiSi 2 (such as oxygen) and Si(such as Ti), can be fulfilled in one dopant drive-in process. This work concludes that the TiSi 2 /n + p structure fabricated by silicide doping technology can be satisfied by the requirements of VLSI devices.
